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INTRODUCTION 


We  have  previously  shown  that  ealeitriol  (1,25 -dihydroxy vitamin  D3)  the  aetive  hormonal 
form  of  vitamin  D,  is  antiproliferative  in  several  prostate  eaneer  (PCa)  models  including  human 
prostate  cancer  cell  lines  (1-3).  This  has  led  us  to  hypothesize  that  ealeitriol  may  be  a  useful  therapy 
for  PCa  (4).  In  studies  of  the  LNCaP  human  PCa  cell  line,  we  further  demonstrated  that  ealeitriol 
induction  of  insulin-like  growth  factor  binding  protein-3  (IGFBP-3)  was  necessary  for  the 
antiproliferative  activity  (5).  The  IGFBP-3  gene  appears  to  mediate  the  antiproliferative  activity  of 
ealeitriol  by  inducing  a  subsequent  gene,  p21,  an  inhibitor  of  the  cell  cycle.  Prevention  of  IGFBP-3 
expression,  using  antibodies  to  immunoneutralize  IGFBP-3  or  antisense  to  prevent  IGFBP-3  mRNA 
transcription,  abrogated  the  antiproliferative  activity  of  ealeitriol  and  the  induction  of  p21.  We 
therefore  concluded  that  induction  of  IGFBP-3  is  the  critical  step  in  calcitriol's  antiproliferative 
activity  in  the  LNCaP  cells  (5). 

IGFBP-3  is  the  major  binding  protein  for  circulating  IGF-1,  a  potent  mitogen  (6).  IGFBP-3 
has  activities  that  are  antimitogenic  because  it  sequesters  IGF- 1.  However,  it  has  recently  become 
clear  that  IGFBP-3  also  has  IGF-independent  actions  that  are  antiproliferative  and  proapoptotic  (7). 
These  activities  make  IGFBP-3  a  potentially  important  factor  in  halting  cancer  cell  growth  (5,  8,  9, 
10).  The  circulating  blood  level  of  IGFBP-3  has  also  been  studied  as  a  potential  marker  of  PCa  risk 
(11). 


The  goal  of  the  current  project  is  to  further  investigate  the  role  of  IGFBP-3  in  the 
antiproliferative  actions  of  vitamin  D  in  PCa.  Calcitriol  regulates  target  genes  by  binding  to  the 
vitamin  D  receptor  (VDR)  (12).  The  calcitriol-bound  VDR  dimerizes  with  retinoid  X  receptor 
(RXR)  and  this  complex  then  binds  to  a  vitamin  D  regulatory  element  (VDRE)  in  the  promoter 
region  of  target  genes  (13).  Therefore,  to  study  the  vitamin  D  regulation  of  IGFBP-3,  we  set  out  to 
determine  whether  a  VDRE  was  present  in  the  promoter  region  of  the  IGFBP-3  gene. 

In  addition,  we  hoped  to  resolve  another  controversy  about  the  nature  of  calcitriol  regulation 
of  the  critical  gene,  p21.  This  gene  is  a  cyclin-dependent  kinase  (Cdk)  inhibitor  and  an  important 
regulator  of  the  cell  cycle  and  cell  proliferation.  In  our  studies,  calcitriol  appeared  to  regulate 
IGFBP-3  that  then  regulated  p21.  In  contrast,  the  studies  of  Liu  et  al  (14)  concluded  that  calcitriol 
directly  regulated  p2L  The  differences  could  be  resolved,  at  least  partially,  by  demonstrating  a 
VDRE  in  the  IGFBP-3  promoter  region  and  demonstrating  direct  regulation  of  IGFBP-3  by 
calcitriol. 


BODY 


Calcitriol  Regulation  of  IGFBP-3 

In  our  Statement  of  Work,  our  major  goal  was  to  investigate  the  regulation  of  IGFBP-3  by 
calcitriol  in  PCa  cells.  We  have  clearly  demonstrated  that  calcitriol’s  antiproliferative  actions  in 
some  PCa  cells  are  mediated  by  induction  of  IGFBP-3  (5). 

The  second  goal  of  this  project  was  to  determine  the  molecular  mechanism  of  calcitriol’s  action 
on  IGFBP-3.  We  have  successfully  identified  a  functional  VDRE  in  the  distal  region  of  the  IGFBP-3 
promoter  (15).  The  induction  of  IGFBP-3  by  calcitriol  is  directly  mediated  via  VDR  interaction  with  this 
VDRE. 
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Identification  of  an  ARE  in  the  IGFBP-3  Promoter 

IGFBP-3  the  most  abundant  eireulating  IGF  binding  protein,  inhibits  eell  growth  and  induees 
apoptosis  by  both  IGF-I  dependent  and  independent  pathways.  The  ability  of  IGFBP-3  to  inhibit  tumor 
growth  has  been  demonstrated  in  many  eaneers  ineluding  PCa.  High  eoneentrations  of  androgens,  that 
inhibit  the  growth  of  the  LNCaP  human  PCa  eell  line,  have  been  shown  to  have  both  positive  and 
negative  effeets  on  IGFBP-3  expression  by  different  labs.  To  further  explore  the  relationship  between 
IGFBP-3  and  androgens,  we  examined  IGFBP-3  expression  in  LNCaP  cells  (16).  We  demonstrate  that 
IGFBP-3  expression  can  be  induced  by  10  nM  of  the  synthetic  androgen  RI88I  or  DHT. 
Transactivation  assays  show  that  the  6  kb  IGFBP-3  promoter  sequence  directly  responds  to  androgen 
treatment.  In  silico  analysis  identified  a  putative  ARE  at  -28797-2865  in  the  IGFBP-3  promoter.  A  single 
point  mutation  in  this  ARE  disrupted  transactivation  by  R1881.  Combining  the  data  obtained  from 
EMSA,  chromatin  immunoprecipitation  and  mutational  analysis,  we  conclude  that  a  novel  functional 
ARE  is  present  in  the  IGFBP-3  promoter  that  directly  mediates  androgen  induction  of  IGFBP-3 
expression.  Furthermore,  we  found  that  the  combination  of  androgens  and  calcitriol  significantly 
potentiated  the  IGFBP-3  promoter  activity,  suggesting  that  enhanced  induction  of  the  expression  of  the 
endogenous  IGFBP-3  gene  may  contribute  to  the  greater  inhibition  of  ENCaP  cell  growth  by  combined 
calcitriol  and  androgens  (16).  Since  androgens  are  well  known  to  stimulate  PCa  growth,  and  androgen 
deprivation  therapy  causes  PCa  to  regress,  the  stimulation  by  androgens  of  this  anti-proliferative  and 
pro-apoptotic  protein  is  paradoxical  and  raises  interesting  questions  about  the  role  of  androgen- 
stimulated  IGFBP-3  in  PCa. 

Calcitriol-Androgen  Interaction,  Inhibition  of  LNCaP  Cell  Proliferation  by  Androgens 

In  the  androgen-dependent  ENCaP  human  prostate  cancer  (PCa)  cell  line  calcitriol  exerts  its  anti¬ 
proliferative  action  predominantly  through  inducing  cell  cycle  arrest.  We  have  previously  shown  that 
growth  arrest  by  calcitriol  is  primarily  mediated  by  induction  of  IGFBP-3,  which  subsequently  increases 
the  expression  of  the  cell  cycle  inhibitor  p21.  We  also  have  identified  functional  response  elements  for 
androgens  and  calcitriol  in  the  IGFBP-3  promoter.  In  this  study  we  show  that  low  doses  of  the  synthetic 
androgen  R1881  that  stimulate  ENCaP  cell  proliferation,  do  not  induce  IGFBP-3  expression,  while  high 
doses  of  R1881  that  inhibit  cell  growth,  significantly  increase  expression  of  IGFBP-3  (17).  Importantly, 
we  demonstrate  that  calcitriol  and  androgens  in  combination  synergistically  up-regulate  IGFBP-3 
expression  through  VDR  and  AR  response  elements  within  the  IGFBP-3  promoter.  The  hormone 
combination  inhibits  cell  growth  better  than  either  hormone  alone.  siRNA  blockade  of  IGFBP-3 
expresssion  abrogates  the  growth  inhibition  by  calcitriol  as  well  as  by  androgens.  Furthermore,  we 
demonstrate  that  the  growth  inhibitory  dose  of  R1881  leads  to  an  increase  in  the  cyclin  dependent  kinase 
inhibitors,  p21  and  p27  and  G1  arrest.  These  changes  can  be  blocked  or  partially  reversed  by  IGFBP-3 
siRNA.  Addition  of  exogenous  IGFBP-3  protein  causes  growth  inhibition.  Our  data  suggest  that  IGFBP- 
3  mediates  the  anti-proliferative  effect  of  high  doses  of  androgen  partly  through  p21  and  p27  pathways 
and  that  IGFBP-3  plays  an  important  role  in  the  androgen-dependent  biphasic  growth  regulation  of 
LNCaP  cells  (17). 

Other  IGFBP-3  Regulators 

We  have  also  studied  the  interaction  of  other  important  regulators  of  IGFBP-3  including  9- 
cis  retinoic  acid  [(9  cis-RA),  the  RXR  ligand],  rosiglitazone  [a  peroxisome  proliferator-activated 
receptor  (PPAR)y  ligand],  and  tricostatin  A  [TSA,  a  histone  deacetylase  (HD AC)  inhibitor]  using 
Northern  blot  analysis  as  well  as  our  established  IGFBP-3  promoter-reporter  transactivation  system. 

We  found  that  all  of  these  regulators  significantly  enhanced  calcitriol’s  up-regulation  of  IGFBP-3 
expression.  These  findings  suggest  that  these  agents  given  in  combination  with  calcitriol  would 
increase  calcitriol’s  antiproliferative  activity.  It  is  possible  that  combination  therapy  would  allow  the 
use  of  lower  doses  of  calcitriol  to  achieve  a  therapeutic  antiproliferative  effect  and  thereby  diminish 
the  hypercalcemic  side-effects  of  calcitriol  in  prostate  cancer  therapy. 
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Calcitriol  Analogs 

Another  goal  of  the  projeet  was  to  evaluate  IGFBP-3  regulation  by  several  ealeitriol  analogs 
that  are  less  hyperealeemic  than  ealeitriol.  In  other  words,  we  wanted  to  know  whether  ability  to 
induce  IGFBP-3  could  be  used  to  explore  the  antiproliferative  activity  of  the  calcitriol  analogs  on 
PCa  cells.  To  establish  this  assay,  we  measured  both  the  effect  of  the  analogs  on  PCa  cell 
proliferation  as  well  as  real-time  PCR  to  assess  the  analog’s  ability  to  induce  IGFBP-3.  We  used 
LNCaP  cells  for  both  the  growth  studies  and  the  IGFBP-3  induction.  Analogs  FBI 089,  Ro24-5531, 
KH1060  and  Ro27-0574,  each  at  10  nM,  resulted  in  over  10-fold  increase  in  IGFBP-3  mRNA 
compared  to  the  vehicle  treatment.  The  analogs  inhibited  cell  proliferation  by  over  65%.  In 
comparison,  10  nM  calcitriol  induced  a  2-3  fold  of  induction  of  IGFBP-3  mRNA  and  about  55% 
inhibition  of  cell  growth.  The  studies  indicate  that  these  analogs  have  a  higher  potency  than 
calcitriol  at  both  IGFBP-3  induction  and  antiproliferative  activity. 

Differential  Regulation  of  Polymorphic  Variants  of  IGFBP-3 

Recently  Deal  et  al.  (18)  found  a  novel  polymorphism  that  varies  between  an  “A”  or  a  “C” 
nucleotide  at  -202  from  its  transcription  start  site  in  the  IGFBP-3  promoter.  The  “A”  allele  is  more 
active  than  the  “C”  allele  that  is  consistent  with  the  relationship  between  genotype  and  circulating 
IGFBP-3  levels  in  the  serum  (AA>AC>CC).  The  potency  of  calcitriol  analogs  as  antiproliferative 
agents  may  be  predicted  by  their  ability  to  induce  IGFBP-3  in  an  allele-specific  manner.  On  the 
other  hand,  the  VDR  gene  also  exists  in  several  polymorphic  forms.  Especially  important  is  the 
FokI  polymorphism  at  the  translation  start  site  that  alters  the  translated  protein.  The  FokI 
polymorphism  results  in  two  VDR  variants,  the  “f  ’  variant  (427  amino  acids)  and  “F”  variants  (3 
amino  acids  shorter)  (19,  20).  Epidemiologic  studies  have  reported  that  the  EokI  polymorphism 
correlates  with  the  risk  of  osteoporosis  and  PCa.  Thus  we  hypothesized  that  the  FokI 
polymorphism  in  the  VDR  gene  contributes  to  the  efficacy  of  calcitriol  action  on  the  level  of 
induction  of  target  genes.  Since  calcitriol’s  antiproliferative  activity  in  ENCaP  cells  is  dependent 
on  stimulation  of  IGFBP-3,  the  interaction  of  VDR  and  IGFBP-3  polymorphisms  may  determine 
the  response  of  the  IGFBP-3  gene  to  calcitriol  therapy. 

To  assess  whether  the  VDR  FokI  polymorphism  exhibits  differential  activity  to  activate  the 
IGFBP-3  promoter  variants,  the  two  VDR  variants,  “f  ’  and  “F”,  were  tested  for  transactivation 
potency  on  the  IGFBP-3  A  and  C  variants.  Plasmids  expressing  the  VDR  variants  were  co¬ 
transfected  with  the  different  IGFBP-3  promoters.  Both  VDR  variants  were  tested  on  each 
IGFBP-3  promoter.  We  found  that  the  combination  of  VDR-f  with  IGFBP-3-C  did  not  respond  to 
calcitriol  in  FNCaP  cells.  The  other  three  combinations  (VDR-F/IGFBP-3-A,  VDR-F/IGFBP-3-C, 
or  VDR-f/IGFBP-3-A)  induced  gene  expression. 

To  explore  the  mechanism  by  which  the  IGFBP-3  polymorphic  forms  differentially  regulate 
the  level  of  gene  expression,  we  performed  gel  shifts  assays.  The  experiments  used  nucleic  extracts 
isolated  from  FNCaP  cells  using  the  oligonucleotide  probe  containing  the  A  or  C  allele  at  -202  of 
the  IGFBP-3  promoter.  Both  alleles  produced  similar  binding  complexes  but  showed  different 
binding  activity  with  the  A  allele  probe  stronger  than  the  C  allele.  This  result  is  consistent  with  the 
transcriptional  activity  of  the  IGFBP-3  promoter  with  the  A  allele  being  stronger  than  the  C  allele. 
Point  mutations  in  promoter  DNA  near  -202  identified  the  critical  nucleotides  involved  in  the 
DNA-protein  complex.  Supershifts  further  characterized  N-Myc  in  this  complex  that  might 
contribute  to  the  differential  regulation  of  IGFBP-3  expression. 

Nuclear  Actions  of  IGFBP-3 

The  last  part  of  this  project  is  to  study  the  nuclear  mechanisms  of  IGFBP-3  interaction  with 
RXR  and  VDR  to  inhibit  PCa  cell  growth.  It  has  been  postulated  that  IGFBP-3  translocates  to  the 
nucleus  and  binds  to  RXR  altering  nuclear  receptor  function  (21,  22).  Using  GST  pull-down  assays, 
we  found  that  IGFBP-3  specifically  binds  to  RXR  and  not  VDR.  In  transactivation  assays,  we  failed 
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to  see  that  over-expressed  IGFBP-3  ehanges  the  24-hydroxylase  promoter’s  response  to  oaleitriol. 
We  have  not  eompleted  this  area  of  study  and  ean  not  yet  reaeh  any  eonelusions  about  interaetions 
of  IGFBP-3  and  either  RXR  or  VDR  that  have  been  postulated  by  Cohen  and  associates  (22,  23). 

Analysis  of  Calcitriol-Regulated  Prostate  Cancer  Cell  Gene  Expression  Profiles 

Although  not  part  of  the  SOW,  this  grant  helped  to  support  our  studies  of  all  of  the  genes 
regulated  by  calcitriol  in  the  LNCaP  human  PCa  cell.  These  studies  used  cDNA  microarrays  to 
evaluate  the  entire  profile  of  genes  up-  or  down-regulated  by  calcitriol  (24).  It  is  of  interest  that 
IGFBP-3  had  the  greatest  fold-induction  of  all  genes  in  the  LNCaP  cell  by  calcitriol.  At  6  hours, 
IGFBP-3  achieved  a  statistically  significant  up-regulation  (2.4-fold)  supporting  the  idea  of  direct 
regulation.  At  24  hours  IGFBP-3  was  33.2-fold  stimulated  over  control  cells,  the  highest  level  by  far 
of  any  gene  in  LNCaP  cells.  These  results  confirm  the  importance  of  the  IGFBP-3  response  to 
calcitriol  in  LNCaP  cells. 

Studies  of  Prostate  cancer  Cells  with  Mutant  Androgen  Receptor 

The  grant  also  helped  to  support  studies  of  mutant  androgen  receptors  (ARs)  that  resulted  in 
"promiscuious"  binding  of  glucocorticoids  to  the  androgen  binding  site.  Although  not  part  of  the 
SOW  these  studies  are  closely  related  to  our  major  goal  of  improving  therapy  for  prostate  cancer 
patients.  This  paper  demonstrated  that  the  synthetic  glucocorticoid  triamcinolone  did  not  bind  to  the 
mutant  AR  whereas  many  glucocorticoids  such  as  cortisol  did.  These  findings  were  part  of  the 
preliminary  data  that  allowed  us  to  submit  a  new  DAMD  grant  proposal  to  the  prostate  cancer 
program  to  study  triamcinolone  therapy  of  androgen-independent  prostate  cancer  (PC030122). 


KEY  RESEARCH  ACCOMPLISHMENTS 


•  Identified  the  presence  of  both  VDRE  and  ARE  sites  in  the  IGFBP-3  promoter. 

•  Proved  that  both  calcitriol  and  androgen  directly  regulate  IGFBP-3. 

•  Found  that  the  combination  of  calcitriol  and  androgen  greatly  enhances  expression  of 
IGFBP-3  and  cell  growth  inhibition. 

•  Found  that  androgen  has  a  biphasic  regulatory  effect  on  expression  of  IGFBP-3. 

10"''  M  of  RI88I  does  not  affect  IGFBP-3  till  5x10'^^  M.  This  may  explain  the  biphasic 
actions  of  androgens  on  PCa  cell  growth. 

•  Demonstrated  that  calcitriol  indirectly  regulates  p21/p27  and  the  effect  is  mediated  through 
IGFBP-3  induction. 

•  Demonstrated  that  the  growth  inhibitory  effect  of  high  concentrations  of  androgens  are  due, 
at  least  in  part,  to  the  increased  expression  of  IGFBP-3  and  its  regulation  of  p21  and  p27. 

•  Characterized  important  VDRE  and  ARE  with  unique  characteristics  in  an  important 
calcitriol  target  gene. 

•  Provided  information  on  the  promoter  region  of  the  IGFBP-3  gene. 

•  Established  an  advanced  biotechnique,  the  ChIP  assay,  to  study  DNA-protein 
interactions  in  our  lab  that  will  be  very  useful  to  investigate  additional  hormone 
receptor-DNA  interactions. 

•  Demonstrated  the  induction  of  IGFBP-3  via  action  on  its  promoter  by  other  important 
regulators  including  retinoids,  PPAR  ligands  and  HD  AC  inhibitors. 

•  Provided  data  on  possible  approaches  to  combination  therapy  that  would  improve  the 
therapeutic  potency  of  calcitriol  in  PCa  therapy. 
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REPORTABLE  OUTCOMES 


Feldman,  David 


All  of  the  above  mentioned  researeh  aeeomplishments  are  reportable.  We  had  two  publieations, 
one  in  Moleeular  Endoerinology  and  one  in  Endoerinolgy  deseribing  the  identilieation  of  funetional 
VDRE  and  ARE  in  the  IGEBP-3  promoter  (15,  16  and  also  see  Appendix).  We  wrote  another  manuseript 
describing  the  role  of  IGFBP-3  in  mediating  the  biphasic  actions  of  androgens  on  the  growth  of  ENCaP 
cells  and  it  is  submitted  for  publication  (17).  We  have  provided  our  IGPBP-3  promoter-reporter 
constructs  (15)  to  five  investigators  including  D.  Edward  P.  Gelmann  (Georgetown  Elniversity),  Dr. 
Hiroshi  Nakagawa  (University  of  Pennsylvania),  Dr.  Jianming  Xu  (Baylor  College  of  Medicine),  Dr. 
Yu-Chung  Yang  (Case  Western  Reserve  University),  and  Dr.  Shuyuan  Yeh  (University  of  Rochester). 
This  saves  the  other  labs  time  and  labor  and  provides  them  with  important  reagents  making  their 
research  efforts  possible  so  that  it  is  very  beneficial  to  our  research  community. 


PUBLICATIONS 


Krishnan  A  V,  Zhao  XY,  Swami  S,  Brive  L,  Peehl  DM,  Ely  KR,  and  Eeldman  D,  2002 
A  glucocorticoid-responsive  mutant  androgen  receptor  (AR^^^^^")  exhibits  unique  ligand  specificity: 
Therapeutic  implications  for  androgen-independent  prostate  cancer.  Endocrinology,  143,  1889-1900 

Peng  E,  Malloy  PJ,  Eeldman  D  2004  Identification  of  a  functional  vitamin  D  response  element  in 
the  human  insulin-like  growth  factor  binding  protein-3  promoter.  Mol  Endocrinol  18:1 109-19 

Krishnan  AV,  Shinghal  R,  Raghavachari  N,  Brooks  JD,  Peehl  DM,  Eeldman  D  2004  Analysis  of 
vitamin  D-regulated  gene  expression  in  ENCaP  human  prostate  cancer  cells  using  cDNA 
microarrays.  Prostate  59:243-51 

Peng  E,  Malloy  PJ,  Wang  J,  Eeldman  D  2006  Growth  Inhibitory  Concentrations  of  Androgens  Up- 
Regulate  Insulin-Eike  Growth  Eactor  Binding  Protein-3  (IGFBP-3)  Expression  via  an  Androgen 
Response  Element  in  ENCaP  Human  Prostate  Cancer  Cells.  Endocrinology  (in  press) 

Peng  E,  Wang  J,  Malloy  PJ,  Eeldman  D  2006  The  Role  of  Insulin-Eike  Growth  Eactor  Binding 
Protein-3  (IGPBP-3)  in  Mediating  the  Biphasic  Actions  of  Androgens  on  the  Growth  of  ENCaP 
Human  Prostate  Cancer  Cells,  (submitted  for  publication) 


8 


CONCLUSIONS 


Feldman,  David 


Our  research  has  elucidated  the  presence  of  a  VDRE  and  an  ARE  in  the  distal  promoter 
region  of  the  IGFBP-3  gene.  These  findings  establish  the  fact  that  calcitriol  or  androgen  directly 
regulates  IGFBP-3  via  a  classical  hormone  response  element.  Since  only  a  modest  number  of 
VDREs  or  AREs  have  been  characterized,  these  findings  add  to  the  series  of  known  VDREs  or 
AREs  and  provide  useful  data  for  further  elucidation  of  additional  response  elements.  The  research 
also  demonstrates  how  this  critical  gene  is  regulated  and  provides  DNA  sequence  data  for  the 
IGFBP-3  promoter  region  to  support  further  analysis  of  additional  regulators  or  modulators  of 
IGFBP-3  gene  expression.  Most  importantly,  the  work  clarifies  how  calcitriol  or  androgen  induces 
this  most  important  regulator  of  PCa  cell  growth. 

Our  study  has  also  demonstrated  enhanced  calcitriol  action  to  induce  IGFBP-3  by  other 
important  regulators  including  retinoids,  rosiglitazone  (a  diabetes  drug  that  binds  to  PPARs)  and 
HDAC  inhibitor  and  has  evaluated  the  potency  of  several  calcitriol  analogs  with  less  hypercalcemic 
activity.  The  results  have  provided  new  insights  into  improving  calcitriol’ s  therapeutic  efficacy  in 
PCa  therapy. 
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Growth  Inhibitory  Concentrations  of  Androgens  Up- 
Regulate  Insulin-Like  Growth  Factor  Binding  Protein-3 
Expression  via  an  Androgen  Response  Element  in 
LNCaP  Human  Prostate  Cancer  Cells 

Lihong  Peng,  Peter  J.  Malloy,  Jining  Wang,  and  David  Feldman 

Department  of  Medicine,  Stanford  University  School  of  Medicine,  Stanford,  California  94305-5103 


IGF  binding  protein-3  (IGFBP-3),  the  most  abundant  circu¬ 
lating  IGF  binding  protein,  inhibits  cell  growth  and  induces 
apoptosis  by  both  IGF-I-dependent  and  -independent  path¬ 
ways.  The  ability  of  IGFBP-3  to  inhibit  tumor  growth  has  been 
demonstrated  in  many  cancers  including  prostate  cancer 
(PCa).  High  concentrations  of  androgens,  which  inhibit  the 
growth  of  the  LNCaP  human  PCa  cell  line,  have  been  shown 
to  have  both  positive  and  negative  effects  on  IGFBP-3  expres¬ 
sion  by  different  laboratories.  To  further  explore  the  relation¬ 
ship  between  IGFBP-3  and  androgens,  we  examined  IGFBP-3 
expression  in  LNCaP  cells.  We  demonstrate  that  IGFBP-3  ex¬ 
pression  can  be  induced  by  10  nM  of  the  synthetic  androgen 
R1881  or  dihydrotestosterone.  Transactivation  assays  show 
that  the  6-kh  IGFBP-3  promoter  sequence  directly  responds  to 
androgen  treatment.  In  silica  analysis  identified  a  putative 
androgen  response  element  (ARE)  at  —2879/— 2865  in  the  IG¬ 
FBP-3  promoter.  A  single  point  mutation  in  this  ARE  dis- 


IGF  BINDING  PROTEIN  (IGFBP)-3  is  a  member  of  the 
IGFBP  family  that  bind  the  potent  mitogen  IGF-I  with 
high  affinity  and  specificity  (1-3).  It  is  thought  that  IGFBPs 
serve  to  extend  the  half-life  of  IGF-I  as  well  as  transport  and 
modulate  the  biological  actions  of  IGFs  on  target  cells.  IG¬ 
FBP-3  is  the  most  abundant  circulating  carrier  protein  bind¬ 
ing  more  than  75%  of  serum  IGF-I  (1-3).  In  addition  to  se¬ 
questering  IGF-I  to  diminish  the  growth  stimulating  action 
of  IGF-I  in  an  IGF-dependent  manner,  IGFBP-3  also  exhibits 
multiple  IGF-independent  actions,  including  inhibition  of 
cell  growth  and  induction  of  apoptosis  (1-7).  Other  steps  in 
the  mechanism  of  IGFBP-3  action  include  binding  to  TGFjB 
type  V  receptor  (8),  translocation  to  the  nucleus  via  the  im- 
portin  j3-subunit  (9),  and  interacting  with  the  nuclear  retinoid 
X  receptor-a  (10). 

Epidemiological  studies  have  suggested  that  high  plasma 
levels  of  IGF-I  and  low  concentrations  of  IGFBP-3  are  asso¬ 
ciated  with  increased  risk  of  prostate  cancer  (PCa)  (11-13), 
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Abbreviations:  AR,  Androgen  receptor;  ARE,  androgen  response  el¬ 
ement;  CDK,  cyclin-dependent  kinase;  ChIP,  chromatin  immunopre- 
cipitation  assay;  FACS,  flow  cytometric  analysis;  FBS,  fetal  bovine  se¬ 
rum;  GR,  glucocorticoid  receptor;  IGFBP,  IGF  binding  protein;  LUC, 
luciferase;  PCa,  prostate  cancer;  qRT-PCR,  quantitative  real-time  RT- 
PCR;  TK,  thymidine  kinase;  VDRE,  vitamin  D  response  element. 
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rupted  transactivation  by  R1881.  Combining  the  data  ob¬ 
tained  from  EMSA,  chromatin  immunoprecipitation  and 
mutational  analysis,  we  conclude  that  a  novel  functional  ARE 
is  present  in  the  IGFBP-3  promoter  that  directly  mediates 
androgen  induction  of  IGFBP-3  expression.  Furthermore,  we 
found  that  the  combination  of  androgens  and  calcitriol  sig¬ 
nificantly  potentiated  the  IGFBP-3  promoter  activity,  sug¬ 
gesting  that  enhanced  induction  of  the  expression  of  the  en¬ 
dogenous  IGFBP-3  gene  may  contribute  to  the  greater 
inhibition  of  LNCaP  cell  growth  by  combined  calcitriol  and 
androgens.  Because  androgens  are  well  known  to  stimulate 
PCa  growth  and  androgen  deprivation  therapy  causes  PCa  to 
regress,  the  stimulation  by  androgens  of  this  antiproliferative 
and  proapoptotic  protein  is  paradoxical  and  raises  interest¬ 
ing  questions  about  the  role  of  androgen-stimulated  IGFBP-3 
in  PCa.  (Endocrinology  147:  4599-4607,  2006) 


suggesting  that  high  IGF-I  and  low  IGFBP-3  may  be  potential 
risk  markers  of  PCa.  IGFBP-3  has  been  shown  to  promote 
apoptosis  and  inhibit  cellular  proliferation  in  a  variety  of  cell 
lines  including  PCa  cells  in  an  IGF-independent  manner  (1-7, 
14-16).  Recently  Liu  et  al.  (17)  reported  that  the  combination 
of  lGFBP-3  with  retinoid  X  receptor  ligands  resulted  in  a 
synergistic  effect  to  suppress  the  growth  of  PCa  xenografts 
by  inducing  apoptosis.  Using  a  transgenic  mouse  model, 
Silha  et  al.  (18)  demonstrated  that  at  the  early  stages  of  the 
development  of  prostate  cancer,  overexpression  of  IGFBP-3 
attenuates  tumor  growth  via  IGF-dependent  actions,  and  as 
the  cancer  advances,  IGFBP-3  suppresses  tumor  growth  en¬ 
tirely  through  IGF-independent  mechanisms  (3,  18).  Both 
animal  and  preclinical  studies  provide  evidence  that  IGFBP-3 
is  an  important  antitumor  agent  (1-7,  17-19). 

Previously  we  found  that  calcitriol  induction  of  IGFBP-3 
importantly  contributed  to  its  antiproliferative  actions  (20). 
We  identified  a  functional  vitamin  D  response  element 
(VDRE)  in  the  IGFBP-3  promoter  that  directly  mediates  cal¬ 
citriol  actions  to  induce  IGFBP-3  expression  (21).  p53  has  also 
been  shown  to  regulate  IGFBP-3  synthesis  via  a  direct  pro¬ 
tein /gene  interaction  (22).  In  LNCaP  cells  either  positive  or 
negative  regulation  of  IGFBP-3  expression  by  androgens  has 
been  reported  by  several  groups  (23-27).  Goossens  et  al.  (23), 
Arnold  et  al.  (25),  and  Kojima  et  al.  (27)  showed  an  inhibitory 
effect  of  androgens  on  expression  of  IGFBP-3.  On  the  other 
hand,  Martin  and  Pattison  (24)  observed  a  stimulatory  effect 
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of  androgens  on  IGFBP-3.  The  reason  for  these  conflicting 
results  remains  unclear. 

Androgens  are  essential  for  the  development  of  the  normal 
prostate  and  the  maintenance  of  prostate  function  (28).  In 
addition  to  the  well-known  ability  of  androgens  to  stimulate 
prostate  growth  and  androgen  deprivation  therapy  to  cause 
prostate  cancer  regression  (29-31),  a  number  of  studies  have 
demonstrated  that  androgens  can  exert  antiproliferative  and 
prodifferentiative  actions  on  PCa  cells  (32-37).  Other  studies 
in  LNCaP  cells  demonstrate  that  low  doses  of  androgen 
stimulate  cell  growth,  whereas  high  concentrations  result  in 
inhibition  of  cell  growth  (33,  38-40).  The  mechanism  for 
these  divergent  or  biphasic  actions  remains  unknown.  An¬ 
drogen  actions  are  mediated  by  the  androgen  receptor  (AR), 
a  member  of  the  steroid,  thyroid,  retinoid  receptor  super¬ 
family  of  nuclear  transcription  factors  (28).  AR  binds  as  a 
homodimer  to  androgen  response  elements  (AREs)  contain¬ 
ing  an  inverted  repeat  of  the  core  sequence  (5'-TGTTCT-3') 
separated  by  a  three-nucleotide  spacer  (41). 

In  the  present  study,  we  used  the  androgen-responsive 
LNCaP  cells  as  a  model  to  study  the  regulation  of  IGFBP-3 
by  growth  inhibitory  concentrations  of  androgens  and  de¬ 
termine  the  molecular  mechanism  involved.  We  provide  the 
first  evidence  that  the  induction  of  IGFBP-3  by  androgens  is 
mediated  through  a  novel  functional  ARE  site  in  the  distal 
region  of  the  IGFBP-3  promoter  and  is  possibly  involved  in 
the  growth-inhibitory  action  of  androgens.  Furthermore,  we 
demonstrate  that  the  interaction  of  calcitriol  and  androgens 
leads  to  a  substantial  increase  in  IGFBP-3  promoter  activity 
that  is  mediated  through  their  respective  response  elements 
in  the  IGFBP-3  promoter. 

Materials  and  Methods 

Cell  culture 

The  LNCaP  cells  (American  Type  Culture  Collection,  Manassas,  VA) 
were  maintained  in  RPMI  1640  medium  containing  5%  fetal  bovine 
serum  (PBS)  at  37  C  in  a  humidified  atmosphere  with  5%  CO2.  During 
all  treatments,  the  serum  concentration  was  reduced  to  2%  PBS. 

Cell  growth  assay 

LNCaP  cells  were  plated  at  low  density  (5  X  10‘‘)  in  six-well  plates 
and  grown  in  5%  PBS-RPMI  1640  medium.  After  24  h  incubation,  the 
cells  were  treated  with  vehicle  or  androgens  in  triplicate  for  6  d.  Presh 
medium  with  androgen  was  replenished  72  h  later  in  all  experiments. 
At  d  6,  the  cells  were  processed  for  DNA  quantitation  using  the  Burton 
reagent  (42). 

Flow  cytometric  analysis  (FACS) 

LNCaP  cells  were  plated  at  3  X  10^  per  well  in  six-well  plates  in  5% 
PBS-RPMI  1640  medium.  On  the  next  day,  the  cells  were  treated  with 
ethanol  or  R1881  (at  0.1  or  10  nivi).  After  2  d  of  growth,  the  cells  were 
trypsinized  and  harvested.  The  pellets  were  then  washed  in  PBS  buffer 
containing  5  mM  EDTA  and  fixed  in  ice-cold  0%  ethanol  for  at  least  1  h 
at  4  C  (43).  RNA  in  the  fixed  cells  was  digested  for  30  min  at  room 
temperature  with  the  addition  of  100  p,g/ml  RNase  A.  Then  cells  were 
stained  with  50  /j,/ml  propidium  iodide  (Sigma,  St.  Louis,  MO).  The  cell 
cycle  distribution  was  determined  by  PACS  and  analyzed  using  the 
Plowjo  software  (Tree  Star,  Ashland,  OR). 

Preparation  of  RNA  and  quantitative  real-time  RT-PCR 
(qRT-PCR) 

Total  RNA  was  isolated  using  RNeasy  minikit  (QIAGEN,  Valencia, 
CA).  cDNA  was  synthesized  from  2.5  frg  of  total  RNA  with  random 
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hexamer  primers  and  Superscript  III  reverse  transcriptase  (Invitrogen, 
Carlsbad,  CA).  Real-time  PCR  analysis  was  performed  using  DNA  En¬ 
gine  Opticon  fluorescence  detection  system  (MJ  Research,  Foster  City, 

CA).  The  PCR  was  set  up  in  20  jjl  with  0.25  frM  of  each  primer;  2  p,l  of 
1:3  diluted  cDNA  template;  and  10  /j.1  of  2X  Master  Mix  containing 
modified  DNA  polymerase,  PCR  buffer,  SYBR  Green  1, 5  mM  MgCb,  and 
4  mM  deoxynucleotide  triphosphate  mix  including  deoxyuridine 
5-triphosphate  supplied  from  the  DyNAmo  SYBR  Green  qRT-PCR  kit 
(MI  Research).  The  cycling  was  performed  using  the  following  program: 

95  C  5  min,  40  cycles  of  94  C  30  sec,  58  C  30  sec,  and  72  C  30  sec. 
Comparative  cycle  threshold  method  was  used  to  semiquanti-  AQ:  A 

tate  the  target  signal  change  in  treatment  vs.  control  (44).  The  TATA- 
binding  protein  gene  was  used  as  an  internal  control  to  normalize  the 
amount  of  cDNA  added  to  the  PCR.  The  following  primers  were  used: 
IGFBP-3,  5'-AAGTTCCACCCCCTCCATTC-3'  (sense),  5'-TCTTC- 
CATTTCTCTACGGCAG-3'  (antisense);  TATA-binding  protein,  5'- 
TGCTGAGAAGAGTGTGCTGGAG-3'  (sense),  5'-TCTGAATAGGCT- 
GTGGGGTC-3'  (antisense). 


IGFBP-3  levels  in  conditioned  medium  secreted  by  LNCaP  cells  were 
measured  using  an  ELISA  kit  according  to  the  manufacturer's  instruc¬ 
tions  (Diagnostic  Systems  Laboratories,  Webster,  TX). 

Plasmid  constructions 

The  IGFBP-3  promoter  reporter  constructs  containing  -5992/1-55, 
— 3590/+55,  and  — 1901/+55  fragment  in  pGL3-Basic  (Promega,  Mad¬ 
ison,  WI)  were  previously  reported  (21).  A  1.85-kb  fragment  from  —3590 
to  —1753  was  cloned  into  the  heterologous  thymidine  kinase  (TK)  pro¬ 
moter-driven  luciferase  reporter  (LUC)  (45).  Synthetic  ohgonucleotides 
for  IGFBP-3  ARE  (—2879/— 2865)  were  annealed  and  cloned  into  Mlul/ 
Xhol  sites  in  TK-LUC.  Annealed  BP3-VDRE  oligonucleotides  (21)  were 
ligated  to  the  BP3-ARE/TK  construct  to  generate  the  BP3-ARE/VDRE 
construct.  A  single-point  mutation  (G  to  T)  in  the  IGFBP-3  ARE  site  was 
introduced  into  the  — 3590/+55/pGL3-LUC  reporter  construct  using 
the  GeneEditor  in  vitro  site-directed  mutagenesis  system  (Promega)  fol¬ 
lowing  the  manufacturer's  instructions.  Oligonucleotides  containing 
point  mutations  in  the  BP3-ARE  or  BP3-VDRE  sequence  with  Mlul/ Xhol 
site  overhangs  were  synthesized  and  directly  cloned  into  the  TK-LUC 
vector.  Positive  clones  were  confirmed  by  sequencing. 


LNCaP  cells  were  plated  at  a  density  of  3-5  X  10^  cells  in  six-well 
plates  the  day  before  transfection.  At  approximately  75%  confluence,  the 
cells  were  transfected  with  1  p,g  DNA  using  2  /al  of  TransIT-Insecta 
transfection  reagent  per  well  (Mirus,  Madison,  WI).  Ten  nanograms  of 
the  Renilla  luciferase  plasmid  pRL-null  (Promega)  were  included  in  each 
transfection  to  control  for  the  transfection  efficiency.  After  20  h  the  cells 
were  treated  with  ethanol  or  10  nM  R1881,  a  synthetic  androgen,  in  the 
absence  or  presence  of  calcitriol  and  incubated  for  an  additional  18  h.  The 
cells  were  lysed  using  passive  lysis  buffer  (Promega).  Luciferase  activity 
was  determined  using  the  dual-luciferase  assay  system  (Promega)  that 
was  normalized  to  the  Renilla  luciferase  activity.  Activity  of  each  con¬ 
struct  was  expressed  as  fold  induction  over  control. 


Nuclear  extracts  from  LNCaP  cells  were  isolated  using  the  1-h  mini¬ 
preparation  technique  (46).  EMSAs  were  performed  with  modifications 
as  described  previously  (21,  47).  Annealed  BP3-ARE  oligonucleotides 
(5'-CCAAAGGCTCTTTCAGTTCTAGGA-3')  were  radiolabeled  with 
[y-^^PJATP  using  T4  polynucleotide  kinase.  DNAbinding  reactions  were 
carried  out  in  a  total  volume  of  20  /al  containing  4  mM  HEPES  (pH  7.9), 
50  mM  KCl,  1.5  mM  MgClj,  1  mM  dithiothreitol,  1  mM  EGTA,  10% 
glycerol,  2  /ag  poly(dI:dC),  and  5  p,g  BSA.  Nuclear  extracts  (10  p,g)  were 
added  along  with  0.1-0.4  ng  radiolabeled  probes  (50,000  cpm/reaction) 
and  incubated  for  20  min  at  room  temperature.  For  competition  assays, 
a  100-fold  molar  excess  of  unlabeled  oligonucleotides  was  added  to  the 
binding  reaction  mixture  15  min  before  the  addition  of  the  labeled  probe. 


Transfection  analysis 


Determination  of  IGFBP-3  secretion  by  LNCaP  cells 


Isolation  of  nuclear  extracts  and  EMSA 
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The  DNA-protein  complexes  were  separated  on  4%  nondenaturing 
polyacrylamide  gels  (29:1)  and  processed  as  described  previously  (21). 

Chromatin  immunoprecipitation  assay  (ChIP) 

Confluent  LNCaP  cells  were  treated  with  ethanol  or  10  mu  R1881  for 
20  min  and  subjected  to  ChlP  assay  using  AR  antibody  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA)  as  described  previously  (21).  The  pu¬ 
rified  DNA  fragments  were  subjected  to  PCR  using  primers  (sense: 
5'-AGATTTCCTGTCTCCACCAATACG-3';  antisense:  5'-TGCTTT- 
TCTTCTGCTCAGCCC-3'),  which  amplify  a  259-bp  fragment  spanning 
the  BP3-ARE  in  the  IGFBP-3  promoter.  The  PCR  was  carried  out  at  95 
C  for  5  min  and  then  30  cycles  of  94  C  for  30  sec,  60  C  for  30  sec,  and 
72  C  for  30  sec  with  a  final  extension  for  8  min  at  72  C. 

Western  blot  analysis 

LNCaP  cells  were  treated  with  vehicle  or  R1881  for  40  h.  Extracts  were 
prepared  in  radioimmunoprecipitation  assay  buffer  [50  mM  Tris-EICl 
(pEI  7.4),  1%  Nonidet  P-40,  0.25%  sodium  deoxycholate,  150  mM  NaCl, 
1  mM  EGTA]  containing  a  protease  inhibitor  tablet  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN).  Supernatants  were  subjected  to  SDS- 
PAGE  and  Western  blot  analysis  using  p21,  p27,  and  /3-actin  mouse 
monoclonal  antibodies  (Santa  Cruz  Biotechnology)  as  described  previ¬ 
ously  (45). 

Results 

Induction  of  growth  arrest  and  stimulation  of  cyclin- 
dependent  kinase  (CDK)  inhibitors  by  androgens  in 
LNCaP  cells 

Previous  studies  from  different  groups  have  demonstrated 
that  LNCaP  cells  exhibit  a  diphasic  growth  pattern  in  re¬ 
sponse  to  androgens  with  low  concentrations  stimulating  cell 
proliferation  and  high  concentrations  inducing  growth  arrest 
(33,  38-40,  48).  In  our  hands,  LNCaP  cells  have  always 
shown  this  biphasic  effect  (40).  As  shown  in  Fig.  lA,  0.1  nivt 
R1881  almost  doubled  the  amount  of  DNA,  whereas  1  and 
10  nM  R1881  caused  an  approximate  50%  reduction  in  DNA 
content,  compared  with  the  vehicle  control,  reflecting  a  typ¬ 
ical  biphasic  growth  response  of  LNCaP  cells  to  androgens, 
either  R1881  or  dihydrotestosterone.  In  concurrent  experi¬ 
ments,  we  examined  the  effect  of  the  growth-inhibitory  dose 
of  R1881  on  the  level  of  the  CDK  inhibitors  p21  and  p27  by 
Western  blot,  proteins  associated  with  cell  cycle  arrest.  Con¬ 
sistent  with  previous  reports  (49, 50),  addition  of  10  nM  R1881 
caused  an  increase  in  CDK  inhibitors  p21  and  p27  (Fig.  IB). 
This  increase  resulted  in  about  11%  more  cells  accumulating 
in  the  Gj  phase  of  the  cell  cycle  accompanied  by  a  decrease 
in  the  S/G2/M  fraction  as  shown  in  Table  1.  In  contrast,  0.1 
nM  R1881  with  growth-stimulatory  effect  resulted  in  a  small 


TABLE  1.  Effecs  of  R1881  treatment  on  cell  cycle  in  LNCaP  cells 


Treatment 

Gi  (%) 

Ga/M/S  (%) 

Ethanol 

70.4  ±  0.9 

21.9  ±  0.8 

R1881,  0.1  nM 

65.6  ±  0.7“ 

26.3  ±  0.6“ 

R1881,  10  nM 

81.3  ±  1.4" 

10.6  ±  1.1" 

LNCaP  cells  were  treated  with  different  doses  of  R1881  for  48  h. 
Cell  cycle  was  analyzed  by  flow  cytometry  as  described  in  Materials 
and  Methods.  Results  showing  the  percentage  of  the  cells  in  each 
phase  are  the  mean  ±  se  of  triplicate  sample.  The  data  represent  one 
of  two  independent  experiments. 

“  P  £  0.05,  compared  with  ethanol. 

*  P  £  0.01,  compared  with  ethanol. 

but  significant  decrease  in  the  proportion  of  cells  in  G^  with 
an  increase  in  G2/M/S  phase.  (Dur  observations  confirm 
previous  reports  that  Gj  arrest  contributes  to  growth  inhi¬ 
bition  induced  by  high  concentrations  of  androgens  (48). 

A  growth-inhibitory  dose  of  androgen  up-regulates  IGFBP-3 

To  determine  whether  high  concentrations  of  androgens 
affect  the  expression  of  IGFBP-3,  an  important  growth  reg¬ 
ulator,  we  treated  LNCaP  cells  with  10  um  of  androgens  and 
analyzed  IGFBP-3  gene  expression  over  time.  As  shown  in 
Fig.  2 A,  R1881  treatment,  relative  to  control,  elicited  a  sig-  F2 
nificant  2.5-fold  increase  in  IGFBP-3  gene  transcription  after 
6  h.  The  IGFBP-3  mRNA  levels  continued  to  increase  with 
longer  incubation  times.  IGFBP-3  protein  levels  were  un¬ 
changed  at  6  h  but  increased  after  12  h  and  remained  elevated 
after  24  and  48  h  (Fig.  2B).  Addition  of  cycloheximide,  a 
protein  synthesis  inhibitor,  failed  to  block  IGFBP-3  induction 
by  androgens  (data  not  shown).  These  results  suggest  that 
R1881  may  directly  regulate  the  expression  of  IGFBP-3  in 
LNCaP  cells.  Similar  findings  were  obtained  with  dihy¬ 
drotestosterone  (data  not  shown). 

We  next  determined  whether  the  increase  in  IGFBP-3  by 
R1881  was  AR  dependent  using  the  androgen  antagonist 
casodex.  Addition  of  10  pM  casodex  blocked  IGFBP-3  in¬ 
duction  by  R1881  demonstrating  that  IGFBP-3  induction  is 
mediated  by  the  AR  (Fig.  2C). 

Transactivation  of  the  IGFBP-3  promoter  by  androgens 

To  determine  whether  androgens  directly  regulate  the 
transcription  of  IGFBP-3,  we  transfected  LNCaP  cells  with 
IGFBP-3  promoter  reporter  constructs  previously  described 
by  our  laboratory  (21).  As  shown  in  Fig.  3,  the  — 1901/ -i 55  F3 


Fig.  1.  A  growth-inhibitory  dose  of  R1881  in¬ 
duces  the  levels  of  p21  and  p27  in  LNCaP  cells.  A, 
LNCaP  cells  were  treated  with  increasing  con¬ 
centrations  of  R1881  (0-10  nM).  Media  were 
changed  every  3  d  and  fresh  hormones  added.  On 
d  6,  the  cells  were  harvested  for  DNA  assay.  The 
DNA  content  of  each  treatment  was  expressed  as 
percentage  of  control,  the  mean  ±  se  of  three 
experiments.  *,P  <  0.06,  compared  with  the  con¬ 
trol  group.  B,  LNCaP  cells  were  treated  with  ve¬ 
hicle  or  10  nM  R1881  for  48  h.  The  cell  pellets  were 
subjected  to  protein  extraction  and  then  Western 
blot  analysis  of  p21,  p27,  and  p-actin. 
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Fig.  2.  Growth-inhibitory  doses  of  androgens 
increase  IGFBP-3  mRNA  and  protein  expres¬ 
sion  in  LNCaP  cells.  Confluent  LNCaP  cells 
were  treated  with  vehicle  or  10  nM  R1881  and 
samples  taken  over  time  (A  and  B).  A,  RNA  was 
prepared  for  qRT-PCR  analysis.  B,  The  condi¬ 
tioned  medium  was  collected  for  determining 
IGFBP-3  levels  using  an  ELISA.  C,  LNCaP 
cells  were  treated  with  10  nM  R1881  in  the 
absence  or  presence  of  10  pM  casodex  (Cdx)  for 
16  h  and  then  processed  for  IGFBP-3  mRNA 
and  protein.  Values  are  expressed  as  fold 
change  over  control.  The  data  represent  three 
separate  experiments  (mean  ±  se).  *,  P  <  0.05; 
**,P  <  0.01,  compared  with  the  vehicle-treated 
group. 
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construct  was  unresponsive  to  R1881  treatment,  whereas  the 
—3595/  +55  construct  exhibited  approximately  1.9-fold  in¬ 
duction  by  R1881.  No  further  increase  in  transactivation  was 
observed  when  fragments  up  to  —5992  were  tested.  The 
results  show  that  the  region  from  —3595  to  —1901  in  the 
tGFBP-3  promoter  contains  a  potential  ARE. 

Identification  of  a  functional  ARE  in  the  IGFBP-3  promoter 

To  determine  whether  the  sequence  between  —3590  and 
—  1901  can  act  as  an  enhancer  element,  we  cloned  a  1.85-kb 
fragment  from  —3590  to  —1753  into  a  luciferase  reporter 
driven  by  the  TK-LUC  promoter  (45).  As  shown  in  Fig.  4 A, 
in  transactivation  assays  in  LNCaP  cells,  the  1.85  kb  sequence 
exhibited  approximately  2-fold  increase  in  luciferase  activity 
after  R1881  treatment.  Addition  of  casodex  blocked  the  in¬ 
duction  by  R1881  (Fig.  4A).  The  empty  TK-LUC  vector  was 
unresponsive  to  R1881  (data  not  shown). 

In  silica  analysis  of  this  1.85-kb  fragment  identified  a  po¬ 


tential  ARE  located  between  —2879  and  —2865.  As  shown  in 
Eig.  4B,  the  putative  BP3-ARE  (5'-GGCTCT  TTC  TGTTCT- 
3')  contains  two  partial  direct  repeats  separated  by  a  three-  AQ:B 
nucleotide  spacer.  (The  bold  letters  indicate  the  consensus 
sequence.)  The  BP3-ARE  is  92%  identical  with  the  ARE  of  fhe 
secretory  component  promoter  (SC  ARE1.2)  and  87%  iden¬ 
tical  with  the  ARE  consensus  sequence  (41,  51,  52).  The  SC 
ARE1.2  has  been  characterized  as  a  high-affinity  AR-specific 
ARE  (51). 

To  determine  whether  the  BP3-ARE  sequence  functions  as 
an  ARE,  we  subcloned  the  BP3-ARE  sequence  directly  into 
the  TK-LUC  vector  (BP3-ARE/TK).  LNCaP  cells  were  trans¬ 
fected  with  the  BP3-ARE/TK  heterologous  reporter.  Treat¬ 
ment  with  R1881  resulted  in  an  approximately  2-fold  induc¬ 
tion  of  luciferase  activity  (Fig.  4C).  To  further  confirm  the 
BP3-ARE  acts  as  an  enhancer  element,  we  created  a  G  to  T 
mutation  (TGTTCT  to  TtTTCT)  (Fig.  5A)  in  the  BP3-ARE  F5 
sequence  in  the  —3590/ +55  native  promoter  reporter  con- 
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Fig.  3.  Transcriptional  activation  of  the  human  IGFBP-3  promoter  by  R1881.  Fragments  of  the  IGFBP-3  promoter  sequence  were  cloned  into 
the  pGL3-basic  reporter  vector  as  previously  described  (21).  Transfected  LNCaP  cells  were  treated  with  vehicle  or  10  nM  R1881  for  18  h.  ARenilla 
luciferase  expression  vector  was  used  to  control  for  transfection  efficiency.  The  activity  of  each  construct  is  expressed  as  treatment  vs.  control 
that  is  set  at  1.  Each  value  represents  the  mean  ±  SE  of  three  independent  transfections,  each  performed  in  triplicate.  *,  P  <  0.05,  compared 
with  the  control  group. 


Struct  as  well  as  the  BPS- ARE /TK  heterologous  construct.  As 
shown  in  Fig.  5B,  the  mutation  resulted  in  a  loss  of  androgen 
inducibility  for  both  constructs. 

Confirmation  of  a  novel  ARE  in  the  IGFBP-3  promoter 

EMSAs  were  used  to  determine  whether  AR  binds  to  the 
AQ:C  putative  IGFBP-3  ARE  sequence.  P^P]-labeled  BP3-AREs 
were  incubated  with  LNCaP  nuclear  extracts  in  the  presence 
or  absence  of  R1881.  A  strong  specific  DNA-protein  complex 
FG  was  observed  with  the  androgen-treated  cell  extract  (Fig.  6A, 
lane  1).  When  a  100-fold  molar  excess  of  unlabeled  BPS- ARE 
or  SC  ARE1.2  oligonucleotide  was  added,  the  shifted  band 
signal  was  diminished  (Fig.  6A,  lanes  2-3).  In  contrast,  the 
DNA  binding  was  not  competed  when  unlabeled  mutant 
BP3-AREmt  oligonucleotides  were  added  (Fig.  6A,  lane  4). 

Chip  assays  were  performed  to  determine  whether  R1881 
recruits  AR  to  the  chromatinized  BP3-ARE  in  vivo.  LNCaP 
cells  were  treated  with  or  without  10  nM  R1881  and  then 
subjected  to  ChIP  assay.  PCR  was  performed  with  the  pu¬ 
rified  immunoprecipitated  DNA  using  primers  designed  to 
amplify  the  IGFBP-3  promoter  sequence  sparming  the  BP3- 
ARE.  As  shown  in  Fig.  6B,  in  the  AR  antibody  (lanes  5-6) 
immunoprecipitation  reactions,  a  259-bp  DNA  fragment  was 
amplified  only  in  the  androgen-treated  cells  (lane  6),  indi¬ 
cating  that  the  AR  interacts  with  the  BP3-ARE  in  vivo  in  a 
ligand-dependent  manner.  The  results  further  confirm  the 
presence  of  a  functional  ARE  in  the  natural  chromatin  struc¬ 
ture  in  intact  cells. 

Taken  together,  our  data  strongly  demonstrate  the  pres¬ 
ence  of  a  functional  BP3-ARE  in  the  human  IGFBP-3  pro¬ 
moter  that  is  activated  by  the  AR  in  response  to  the 
androgens. 


Androgens  and  calcitriol  synergistically  activate  the  IGFBP- 
3  promoter  through  their  respective  response  elements 

We  previously  demonstrated  that  calcitriol  up-regulates 
IGFBP-3  through  a  VDRE  in  the  IGFBP-3  promoter  (21).  The 
VDRE  site  is  approximately  400  bp  upstream  of  the  ARE  site 
in  the  IGFBP-3  promoter.  The  physical  position  of  each  re¬ 
sponse  element  in  the  native  promoter  is  shown  in  Fig.  7 A.  F7 
To  examine  the  combined  effects  of  androgens  and  calcitriol 
on  the  IGFBP-3  promoter,  a  DNA  fragment  containing  BP3- 
ARE  and  BP3-VDRE  sequences  in  the  IGFBP-3  promoter  was 
cloned  into  the  TK-LUC  vector.  Mutant  constructs  containing 
either  a  mutated  ARE  site  or  mutated  VDRE  site  or  both 
mutated  sites  were  also  examined.  As  shown  in  Fig.  7B,  the 
intact  sequence  responded  to  each  hormone  individually  and 
exhibited  a  greater  activation  in  the  presence  of  both  ligands. 
Mutations  in  either  the  ARE  or  VDRE  sites  resulted  in  the  loss 
of  response  to  the  corresponding  hormone.  Mutation  of  both 
response  elements  eliminated  the  response  to  both  ligands. 

Discussion 

In  this  study  we  first  verified  that  our  LNCaP  cell  system 
displayed  a  biphasic  growth  response  to  androgens  (Fig.  lA) 
as  previously  reported  (33, 38-40).  A  growth-inhibitory  dose 
of  R1881  induced  the  levels  of  the  CDK  inhibitors  p21  and 
p27  (Fig.  IB),  thus  causing  accumulation  of  cells  in  G^  (Table 
1).  In  contrast,  the  growth-stimulatory  dose  of  R1881  trig¬ 
gered  an  increase  in  cells  in  the  S/ G2/M  phase  (Table  I).  In 
our  LNCaP  cells,  we  found  that  growth-inhibitory  doses  of 
androgens  up-regulated  IGFBP-3  gene  expression  by  a  direct 
interaction  of  the  AR  with  an  ARE  in  the  IGFBP-3  promoter. 
Based  on  the  ability  of  casodex  to  block  the  induction,  the 
androgen  action  on  IGFBP-3  is  ligand  and  AR  dependent 
(Figs.  2C  and  4A).  The  presence  of  a  functional  ARE  motif  is 
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Fig.  4.  Characterization  of  an  AEE  in  the  IG¬ 
FBP-3  promoter.  A,  The  TK-LUC  heterologous  con¬ 
struct  containing  the  1.85-kb  fragment  from 
-3590  to  —1753  of  the  IGFBP-3  promoter  was 
transfected  into  LNCaP  cells  and  then  treated  with 
10  nM  R1881  or  10  p,M  casodex  (Cdx)  or  10  nM 
R1881  plus  10  p,M  casodex  (Cdx-l-R).  The  activity  of 
the  construct  was  expressed  as  fold  increase  over 
control.  B,  Comparison  of  a  potential  ARE  site  at 
-28797-2865  in  the  IGEBP-3  promoter  (BP3- 
ARE)  to  the  ARE  consensus  and  the  well-charac¬ 
terized  ARE  in  the  secretory  component  promoter 
(SC  AEE1.2).  The  consensus  nucleotides  for  AR 
binding  are  illustrated  in  bold,  and  lower-case  let¬ 
ters  represent  variations  form  the  consensus.  C, 
The  potential  ARE  was  cloned  into  the  TK-LUC 
vector.  The  construct  was  transfected  into  LNCaP 
cells  and  treated  with  vehicle  or  10  nM  R1881.  The 
activity  of  the  construct  is  displayed  as  fold  induc¬ 
tion  by  R1881  over  the  control.  All  transfections 
were  carried  out  in  triplicate,  and  the  data  repre¬ 
sent  the  mean  ±  SE  of  three  experiments.  *,  P  < 
0.05,  compared  with  the  vehicle-treated  group. 
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strongly  supported  by  the  fact  that  the  BP3-ARE  sequence 
confers  androgen  responsiveness  in  both  its  natural  pro¬ 
moter  setting  and  a  heterologous  promoter  (Figs.  3  and  4). 
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Fig.  5.  The  BP3-ARE  is  afunctional  ARE.  A,  Sequences  of  wild-type 
BP3-ARE  or  mutated  BP3-AEE  (BP3-AREmt).  The  lower-case  letter 
represents  the  mutated  base.  B,  The  BP3-AREmt  mutation  (A)  was 
introduced  into  the  BP3-3590/ -1-55  promoter  construct  and  the  BP3- 
ARE  heterologous  construct.  These  constructs  were  transfected  into 
LNCaP  cells  and  treated  with  vehicle  or  10  nM  R1881  for  18  h.  The 
activity  of  each  construct  is  expressed  as  fold  induction  over  control. 
Data  represent  three  independent  experiments  (mean  ±  se),  each 
performed  in  triplicate,  wt.  Wild  type;  mt,  BP3-AREmt.  *,P  <  0.05, 
compared  with  the  vehicle-treated  group. 


Mutations  in  the  BP3-ARE  eliminate  androgen  induction  by 
either  heterologous  or  natural  promoters  (Fig.  5).  EMSAs  and 
Chip  assays  demonstrate  specific  recognition  and  binding  of 
AR  to  the  ARE  sequence  in  vitro  and  in  vivo  (Fig.  6).  Fur¬ 
thermore,  we  find  that  the  combination  of  calcitriol  and  an¬ 
drogens  results  in  a  greater  induction  in  IGFBP-3  promoter 
activity  than  is  individually  mediated  through  the  interac¬ 
tion  of  their  receptors  with  their  respective  hormone  re¬ 
sponse  elements  (Fig.  7). 

The  BP3-ARE  sequence  exhibits  a  high  degree  of  similarity 
with  the  SC  ARE1.2  (5'-GGCTCT  TTC  AGTTCT-3')  located 
in  the  secretory  component  (sc)  gene  and  the  PB- ARE-2  (5'- 
GGTTCT  TGG  AGTACT-3')  found  in  the  probasin  pro¬ 
moter.  Each  of  these  AREs  has  been  demonstrated  to  be 
specifically  recognized  by  the  AR  with  high  binding  affinity 
(51,  53).  There  are  high  homologies  among  steroid  nuclear 
receptors,  the  glucocorticoid  receptor  (GR),  progesterone  re¬ 
ceptor,  and  AR  so  that  they  sometimes  are  capable  of  over¬ 
lapping  into  the  same  response  element.  The  ability  of  some  AQ:  D 
response  elements  to  be  highly  selective  for  the  AR  probably 
acts  in  concert  with  other  mechanisms  to  generate  androgen- 
specific  regulation  of  transcription  in  vivo  (41). 

It  is  known  that  within  the  steroid  nuclear  receptor  core 
binding  site  (5'-TGTTCT-3')  guanine  and  cytosine  atposition 
2  and  5,  respectively,  are  essential  for  high-affinity  binding 
of  this  family  including  GR  and  progesterone  receptor  as  well 
as  AR  (28,  54).  On  the  other  hand,  the  residues  at  position  3 
and  4  determine  specific  binding  of  the  family  members. 
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Fig.  6.  The  AR  binds  to  the  BP3-ARE 
in  vitro  and  in  vivo.  A,  EMSA  showing 
specific  binding  of  the  BP-3  ARE  with 
LNCaP  nuclear  extracts.  LNCaP  cells 
were  treated  with  vehicle  or  10  nM 
R1881  for  2  h  and  nuclear  extracts  pre¬ 
pared.  The  nuclear  extracts  were  incu¬ 
bated  with  radiolabeled  BP3-ARE  in  the 
absence  (lane  1)  or  presence  of  100-fold 
molar  excess  of  cold  competitor  oligonu¬ 
cleotides  as  indicated.  B,  ChIP  assay. 
LNCaP  cells  were  treated  with  vehicle 
or  10  nM  R1881  for  20  min.  The  cells 
were  collected  and  subjected  to  ChIP  as¬ 
say  using  an  AR  antibody.  The  259-bp 
PCR  product  encompasses  the  BP3- 
ARE  sequence  in  the  IGFBP-3  pro¬ 
moter.  Lanes  1-2,  Input  DNA;  lanes 
3-4,  IgG,  mouse  IgG;  lanes  5-6,  AR, 
anti-AR  antibody;  lane  7,  100-bp  DNA 
ladder. 
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Verrijdt  et  al.  (51)  demonstrated  that  in  the  SC  ARE1.2  (5'- 
GGCTCT  TTC  AGTTCT-3'),  the  thymidine  residue  at  po¬ 
sition  4  in  the  5'  half-site  is  responsible  for  specific  AR  bind¬ 
ing  as  opposed  to  GR  binding.  Therefore,  the  striking 
resemblance  of  the  BP3-ARE  and  SC  ARE1.2  and  the  pres¬ 
ence  of  a  thymidine  at  position  4  in  the  5'  half-site  of  the 
BP3-ARE  (5'-GGCrCT  TTC  TGTTCT-3')  suggest  that  the 
BP3-ARE  may  be  an  AR-selective  element. 

lGFBP-3  expression  has  been  shown  to  be  regulated  by  a 
variety  of  specific  growfh  stimulators  and  inhibitors  includ¬ 
ing  TGFjS  (55,  56),  retinoic  acid  (56),  calcitriol  (20,  21,  57), 
TNFu  (58),  the  histone  deacetylase  inhibitors  trichostatin  A 
and  sodium  butyrate  (59),  and  androgens  (23-27)  as  well  as 
p53  (22,  56-58).  Calcitriol  exerts  its  antiproliferative  actions 
by  promoting  Gq/G^  cell  cycle  arrest,  mducrng  lGFBP-3  pro¬ 


duction  and  stimulating  apoptosis  (60).  In  the  androgen- 
dependent  LNCaP  cell  line,  calcitriol  up-regulates  the  ex¬ 
pression  of  the  lGFBP-3  gene  through  a  VDRE  located  at 
—3296/— 3282  in  the  distal  region  of  the  lGFBP-3  promoter 
(21).  Calcitriol-induced  lGFBP-3  expression  leads  to  in¬ 
creased  expression  of  p21,  causing  cell  cycle  arrest  (20).  Ev¬ 
idence  has  shown  that  up-regulation  of  lGFBP-3  expression 
plays  an  important  role  in  the  in  vivo  growth-inhibitory  ef¬ 
fects  initiated  by  calcitriol  and  its  analogs  (60,  61).  On  the 
other  hand,  the  effect  of  androgens  on  the  regulation  of  fhe 
lGFBP-3  gene  remains  controversial  (23-27).  ITere  we  show 
a  direct  stimulatory  effect  of  androgens  on  lGFBP-3  expres¬ 
sion  via  AR-dependenf  action  on  the  lGFBP-3  promoter.  This 
stimulatory  effect  is  similar  to  data  from  Martin  and  Pattison 
(24).  On  the  contrary,  Goossens  et  al.  (23),  Arnold  et  al.  (25), 


Fig.  7.  IGFBP-3  regulation  by  R188  land 
calcitriol  is  directly  mediated  through  in¬ 
teraction  with  ARE  and  VDRE  in  the  IG¬ 
FBP-3  promoter.  A,  Schematic  structure  of 
the  IGFBP-3  promoter  showing  positions 
of  hormone  response  elements  VDRE 
-32967-3282  and  ARE  -8797-2865  rela¬ 
tive  to  the  transcription  start  site  (-H).  B, 
Single  copies  of  the  wild-type  (wt)  or  mu¬ 
tant  (mt)  ARE  and  wt  or  mt  VDRE  oligo¬ 
nucleotide  were  cloned  into  the  TK-LUC 
vector.  The  heterologous  constructs  were 
transfected  into  LNCaP  cells  and  treated 
with  vehicle,  10  nM  R1881  (R),  10  nM  cal¬ 
citriol  (1,25D),  or  10  nM  R1881  plus  10  nM 
calcitriol  (R-l-D)  for  18  h.  The  transactiva¬ 
tion  activity  of  each  construct  is  expressed 
as  treatment  vs.  control,  which  is  set  as  1. 
Each  value  represents  the  mean  ±  se  of 
three  transfections,  each  performed  in 
triplicate.  *,P  <  0.05;  **,  P  <  0.01,  when 
compared  with  the  vehicle-treated  group. 
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and  Kojima  et  al.  (27)  reported  a  down-regulation  of  IGFBP-3 
by  androgens  in  LNCaP  cells.  The  different  observations 
between  these  groups  may  be  a  result  of  cell  passage  or 
differences  in  cell  culture  conditions  or  cell  densities  that  can 
alter  steroid  responsiveness,  even  within  the  same  cell  line 
(62).  However,  our  studies  convincingly  demonstrate  that 
high  concentrations  of  androgens  directly  up-regulate  the 
expression  of  the  IGFBP-3  gene  through  a  functional  ARE  site 
in  the  IGFBP-3  promoter.  These  findings  also  reveal  a  cross¬ 
talk  between  the  two  cell  growth  regulators,  IGFBP-3  and 
androgens,  at  the  molecular  level.  The  findings  also  raise  an 
interesting  possibility  that  induction  of  IGFBP-3  expression 
may  be  involved  in  the  androgen  mediated  antiproliferative 
actions  that  have  been  reported  in  LNCaP  cells  (33-35,  40). 

In  addition,  our  observation  of  enhanced  IGFBP-3  pro¬ 
moter  activity  by  the  interaction  of  androgens  and  calcitriol 
in  transactivation  assays  suggests  enhanced  induction  of  the 
expression  of  the  endogenous  IGFBP-3  gene  by  these  two 
hormone  classes.  The  two  regulatory  elements,  VDRE  and 
ARE,  are  separated  by  approximately  400  bp  and  appear  to 
interact  or  cooperate  to  regulate  the  level  of  IGEBP-3  expres¬ 
sion.  In  a  separate  study  we  found  that  the  two  hormones  in 
combination  resulted  in  a  more  than  40-fold  increase  in 
IGEBP-3  mRNA  and  protein  levels.  Further  detailed  studies 
of  the  cross-talk  between  androgens  and  calcitriol  on 
IGFBP-3  expression  and  the  role  of  IGFBP-3  in  regulating  cell 
growth  are  described  in  that  paper  (Peng,  L.,  J.  Wang,  P.  J. 
Malloy,  and  D.  Feldman,  submitted  for  publication).  This 
action  may  reflect  the  enhanced  inhibition  of  LNCaP  cell 
growth  by  combined  calcitriol  and  androgens  (63).  These 
studies  provide  new  insights  into  potential  interactions  be¬ 
tween  calcitriol  and  androgens,  two  regulators  of  IGFBP-3 
expression. 

The  paradox  raised  by  these  studies  is  that  androgens  are 
well-known  stimulators  of  prostate  cancer  growth  (29,  64), 
yet  they  directly  induce  expression  of  IGFBP-3,  an  antipro¬ 
liferative  and  proapoptotic  protein  (1-3).  We  speculate  that 
some  of  the  growth-inhibitory  actions  of  androgens  noted  in 
some  conditions  (33-35, 37)  may  be  related  in  part  to  IGFBP-3 
induction.  In  a  recent  study,  Hendriksen  et  al.  (65)  defined  the 
AR  pathway  by  selecting  200  genes  from  PCa  xenografts,  cell 
lines,  and  patient-derived  tissues.  Their  conclusions  were 
that  in  the  well-differentiated  state  of  early  PCa,  AR  activity 
was  involved  in  stimulating  genes  involved  in  growth  pro¬ 
motion  as  well  as  growth  inhibition  and  cell  differentiation, 
resulting  in  a  low  growth  rate.  In  high-grade  PCa,  there  is  a 
selective  down-regulation  of  some  AR  target  genes  that  in¬ 
hibit  proliferation  or  stimulate  apoptosis  or  differentiation. 
Although  the  authors  did  not  find  IGFBP-3  in  their  arrays, 
their  conclusions  provide  an  attractive  hypothesis  to  explain 
how  androgens  can  induce  a  growth  inhibiting  prodifferen- 
tiating  gene. 
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